Abstract Organ-specific changes of iron-and redoxrelated proteins occur with age in the rat. Ferritin, the major iron storage and detoxifying protein, as well as the proteins of the methionine-centered redox cycle (MCRC) were examined in old and young animals, and showed organ-dependent changes. In spleens and livers of aged rats, ferritin (protein) levels were greater than in young ones, and their iron saturation increased, rendering higher ferritin-bound iron (FtBI). Iron saturation of the ferritin molecule in the tongues and sternohyoids of old rats was lower but ferritin level was higher than in young rats, resulting in increased FtBI with age. Ferritin level in the esophagus of older rats was lower than in young rats but its molecular iron content higher thus the total FtBI remained the same. In the larynx, both ferritin and its iron content were the same in young and old animals. MCRC proteins were measured in livers and spleens only. With aging, methionine sulfoxide reductase A and B (MsrA and MsrB) levels in livers and spleens decreased. Thioredoxin1 (Trx) and Trx-reductase1 were elevated in old spleens, but reduced in livers. Aged spleens showed reduced Msr isozyme activity; but in the liver, its activity increased. mRNA changes with age were monitored and found to be organ specific. These organ-specific changes could reflect the different challenges and the selective pathways of each organ and its resultant capacity to cope with aging.
Introduction
Changes characteristic for aging closely correlate with oxidation of cellular components and the accumulation of oxidized metabolic products (Friguet 2006; Harman 1956; Kregel and Zhang 2007; Petropoulos and Friguet 2006; Squier 2001 ). However, a direct causal link between reactive oxygen-derived species (ROS) and aging has yet to be established. ROS have been proposed to function as intracellular signaling molecules as well as activating redox-sensitive transcription factors and regulate gene expression (Sen and Packer 2000; Tappia et al. 2006) . Thus, in aging, ROS bring about the accumulation of oxidized products, which are deleterious to the cell, and initiate cellular protective mechanisms, which facilitate an adaptive process.
Labile and redox-active iron can propagate ROSinduced oxidative stress (Ercal et al. 2001 ). In the liver and spleen, iron concentration is higher and its turnover is faster than in other organs. Therefore, alleviation of the harmful effects of iron in these organs is especially important. In general, 95-98% of non-heme iron is bound to ferritin (Ft), the major iron storage and detoxifying protein; as a result, the intracellular labile iron pool (LIP) is kept below micromolar levels (Liu and Theil 2005) . LIP levels determine the extent of synthesis of new Ft subunits or the degradation of existing Ft so that excess iron is scavenged and neutralized within Ft, or iron is released from it to meet current needs ). This process is regulated via cytoplasmic iron regulatory proteins (IRPs) and iron-responsive elements located on the 5′ end of the Ft subunits mRNA's (Thomson et al. 1999 ). An increase in Ft (protein and/or mRNA) often indicates events that have resulted in elevated cellular levels of redoxactive iron (Levenson and Tassabehji 2004; Hintze and Theil 2006; Cairo et al. 1995) .
MCRC proteins are implicated in regulating the thiol status and the dithiol-disulfide transition of cellular proteins ( Fig. 1 ). Mild oxidation of methionine (Met) to methionine sulfoxide (MetO) can be reversed by methionine sulfoxide reductases (MsrA and MsrB), thus, preventing the formation of the irreversibly oxidized product-methionine sulfone (MetO 2 ) and, presumably also, the denaturation of MetO 2 -containing proteins (Moskovitz 2005; Stadtman et al. 2003) .
Thioredoxin (Trx) is another component of the MCRC; it serves as the electron donor for the reduction of MetO via the Msr reaction, while being converted to Fig. 1 The methioninecentered redox cycle (MCRC). Oxidation of methionine (free or protein bound) results in the formation of methionine-sulfone (Met(O 2 )) basically irreversible in biological systems. In contrast, Met(O) is reduced by methionine sulfoxide reductase (Msr), which receives electrons from thioredoxin (Trx). The oxidized Trx is reduced by Trx-Reductase (TrxR) which is connected to the entire cell redox system via NADPH/NADP + its oxidized (disulfide) structure, which is re-reduced to Trx by Trx-Reductase (TrxR), using nicotinamide adenine dinucleotide phosphate (NADPH) as an electron donor (Fig. 1) . In the liver, the Trx system was reported to undergo age-related changes which are regarded as adaptive and protective against oxidative stress (Takeda et al. 1996; Yoshida et al. 2003) . Transgenic mice overexpressing human Trx showed an improved control of oxidative stress in spleen and bone marrow cells as well as an extended life span (Mitsui et al. 2002) .
Several ROS and iron-related parameters and enzymes of the MCRC were studied previously in the heart (Bulvik et al. 2009 ) and in aero-digestive organs of rats (Vinokur et al. 2009 ). In the aging heart, Ft level was increased, but its iron saturation was reduced, and thus, the total Ft-bound iron (total FtBI) in the heart did not change. MsrA and MsrB proteins and MsrA mRNA were elevated as well. In the aero-digestive tract, comparable or decreased levels of the Msr (proteins) were found as well as a reduction in the Msr activity of diverse magnitudes. These findings, in aging organs, were interpreted to represent a protective response to the increased oxidative stress.
In the present study, we concentrated on proteins participating in iron homeostasis and methionine metabolism in aging rat organs. We focused on organs originating from different embryonic origins namely the liver (80% hepatocytes of endodermic origin, 20% reticuloendothelial cells-reticuloendothelial system (RES) from mesoderm origin), the spleen (mesoderm origin), muscle (tongue, sternohyoid from mesoderm origin), and esophagus and larynx (mixed, mostly endodermic). We examined whether MCRC proteins undergo age-related changes in livers and spleens, and Ft and iron in livers, spleens, tongue, sternohyoid, esophagus and larynx.
Materials and methods

Materials
All chemicals were of the highest purity available.
Animals
The study was approved by the Institutional Animal Ethics and Welfare Committee of the Hebrew University-Hadassah Medical School. A total of 15 young (~2 months) and 17 old (~24 months) female 'Wistar' rats were purchased from Harlan Laboratories, Jerusalem, Israel, and kept under specificpathogen-free conditions at room temperature. The diurnal cycle consisted of 12 h of light and 12 h of dark; the animals were fed standard rat chow and water ad libitum. On the day of the experiment, animals were anesthetized by injecting Xylazine (15 mg/kg, intraperitoneal (i.p.)) and Ketamin (100 mg/kg, i.p.). All organs: liver, spleen and the aero-digestive tract organs (tongue, sternohyoid, esophagus and larynx) were rapidly excised, placed in liquid nitrogen and kept until analyzed at −80°C.
Tissues were homogenized with a Cole Parmer Teflon homogenizer. About 100 mg wet tissue was homogenized in 1.6 ml of a special lysis buffer containing 50 mM Tris-HCl, 1 mM cysteine, 1 mM sodium citrate, 0.5 mM MnCl 2 , 0.25 mM phenylmethyl-sulfonyl-fluoride, and 0.02% digitonin and adjusted to pH 7.6. Protein concentrations in the lysates were measured using the BCA Protein Assay Kit of Pierce (Rockford, IL, USA), according to the manufacturer's instructions.
Ferritin and iron
Ft was isolated from livers of iron-loaded rats and antiserum prepared in goats as described previously (Konijn and Hershko 1977) . Ft from rat hearts was prepared as described for human placenta (Konijn et al. 1985) and antibodies were prepared in New Zealand white rabbits . Goat anti-rabbit immunoglobulin (Ig) G was obtained from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA) and conjugated to Escherichia coli beta-galactosidase (Sigma-Aldrich, Israel) as described previously (Konijn et al. 1982) .
Tissue Ft levels in the cytosolic fractions of all organs were determined by ELISA as previously described (Berenshtein et al. 2002; Vaisman et al. 2000) . Shortly, goat anti-rat liver-Ft was diluted in 0.1 M carbonate-bicarbonate buffer pH 9.6 (Coating buffer) and 0.2 ml/well were used to coat 96-well micro-ELISA plates (Nunc, Roskilde, Denmark). Plates were incubated for 1 h at 37°C followed by overnight incubation at 4°C. After four washings of the coated plates with 0.02 M phosphate-buffered saline (PBS), containing 0.1% (w/v) BSA, 0.05% (v/v) Tween 20, and 0.01% (w/v) NaN 3 (washing buffer), the plates were blocked with buffer containing 0.02 M PBS, 0.01% (w/v) NaN 3 , and 0.5% (w/v) gelatin (blocking buffer) for 1 h at 37°C (0.2 ml/well). After washing of the blocked plates four times with washing buffer, 0.2 ml of samples or standards diluted in PBS containing 0.5% (w/v) BSA and 0.05% (w/w) Tween 20 (dilution buffer) were applied to the wells, followed by 1-h incubation at 37°C. After further washings as above, 0.2 ml/well of Rabbit anti-rat heart Ft in Dilution buffer, was added and incubated for 1 h at 37°C. Next, after further washings, 0.2 ml of goat anti-rabbit γ-globulin-antibodies, conjugated to β-galactosidase in 0.01 M phosphate buffer pH 7.6, 10 mM NaCl, 0.1% BSA, 4% PEG 6000, 2 mM MgCl 2 , and 0.1% NaN 3 (conjugate buffer) was added and incubated for 1 h at 37°C. Then, following washings as above, 0.2 ml/well of chlorophenol-red β-d-galactopyranoside (Roche diagnostic GmbH, Manhiem, Germany) diluted in 0.01 M phosphate buffer, pH 7.2, 10 mM NaCl and 2 mM MgCl 2 (substrate buffer) was added and incubated until color was obtained. The developed color was read in a microplate reader (MR 5000 Dynatech Laboratories, Chantilly, VA, USA). A primary filter with a peak transmission at 570 nm and a secondary filter with a transmission at 620 nm were used.
Ft-bound iron was determined spectrophotometrically using the chromogenic chelator bathophenantrolin disulfonic acid (BPS); this reagent is specific for ferrous iron (Nilsson et al. 2002) . Aliquots of the tissue homogenate and anti-rat heart Ft antibody were mixed and incubated for 72 h at 4°C. The samples were then centrifuged at 20,000×g for 20 min, the supernatant discarded and the pellet dissolved by overnight incubation in 0.1 ml HNO 3 at 37°C. Then, the HNO 3 was diluted with an equal volume of a solution containing 1.2 M HCl, 1% TCA and 3.75% thioglycolic acid (TGA) followed by incubation for 15 min at room temperature and subsequent centrifugation for 30 min at 3,000 rpm. Next, an equal volume of a solution composed of 0.25 g BPS/100 ml 2 M Na acetate was added and incubated for 2 min. The color obtained was measured immediately at 535 nm with an Uvikon XL spectrophotometer (Biotech instrument, Milano, Italy). A calibration curve was set up with samples that have known concentrations of iron. From the measured concentration of iron and Ft, the degree of Ft saturation by iron was calculated, and presented as the number of iron atoms per Ft molecule as follows: 
MCRC proteins
Msr activity was determined in liver and spleen according to a protocol developed by Moskovitz et al. (1997) . The method is based on the enzymatic reduction of dabsyl-methionine-sulfoxide to dabsylmethionine, which is than measured, following separation by HPLC, at 436 nm. This method measures the total activity of all Msr isoforms present in the organs homogenate. Quantification of Trx, TrxR1, MsrA and MsrB proteins in livers and spleens was done by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by western blot analysis (Shioji et al. 2000) with some minor modifications. Equal quantities of protein from "young" and "old" samples were heated for 5 min in a boiling water bath. Samples were separated at 160 mV and transferred to a nitrocellulose membrane at 250 mA for 90 min. The membranes were blocked at 4°C, overnight, with 5% dry skim milk powder in 0.05 M Tris-buffered saline pH 7.6, containing 0.05% Tween-20 (TBS-T). The top half of the membrane was incubated for 1 h with anti-β-actin or anti-TrxR1 antibody, and the bottom half was incubated with either rabbit anti-MsrA, antiMsrB, or anti-Trx antibodies. (The primary antibodies for Trx1 and TrxR1 were generously provided by Dr. S.G. Rhee, (Ewha Womans University, Seoul, Korea) and those for Msrs by J. Moskovitz (School of Pharmacy, University of Kansas, MO, USA)). After washing with TBS-T, the membranes were incubated for 1 h at room temperature with HRP-labeled goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc. West Grove, PA, USA) in TBS-T containing 5% dry skim milk powder. The membranes were washed with TBS-T and developed with the chemiluminescence detection kit for HRP (EZ-ECL; Biological Industries, Beit-Haemek, Israel) according to manufacturer's instructions. Band intensities were quantified by ImageJ software (http://rsbweb.nih. gov/ij/) and normalized to β-actin. The densitometry data are expressed as their relative change for old rats (young rats=1).
Quantitative expression of genes encoding for the relevant proteins was measured in livers and spleens by qRT-PCR (Reno et al. 1997) . RNA was isolated with a phenol-chloroform extraction solution (Molecular Research Center, Inc, Cincinnati, OH, USA) as suggested by the manufacturer. Total RNA (1 μg) was reverse transcribed using a high capacity cDNA reverse transcription kit (Applied Biosystems, Austin, TX, USA).
The nucleotide sequences, used for primer design, were obtained from the public database GenBank (Table 1 ) and synthesized by, and purchased from Syntezza (Jerusalem, Israel). Primers for target genes were constructed using the Primer3 software (from: http://frodo.wi.mit.edu/ primer3/), and designed so that the forward primer in each pair was compliment to the exon-exon boundary (e.g., 3-4 in Table 1 ) in order to avoid genomic DNA amplification. qRT-PCR was carried out with 2-ng cDNA templates in triplicates, in 96-well plates, with power SYBR Green PCR Master Mix (both from Applied Biosystems Pty Ltd, Scoresby, Australia) using the 7500 Fast Real Time-PCR System (Applied Biosystem Carlsbad, CA, USA). Expression of all genes was calculated using the 2(−ΔΔCT) method (Livak and Schmittgen 2001) , normalized per the expression of β-actin and presented as arbitrary units according to Reno et al. (1997) .
RNA quality was evaluated by agarose-gel electrophoresis in 1% gels. Though the aged spleen total RNA was degraded, the quality of total RNA was good in spleen of young and the livers of both aged and young rats. However, the whole RNA extraction process was done at the same time and in the same manner for all experimental groups. The qRT-PCR procedure was performed with several housekeeping genes (hypoxanthine-guanine phosphoribosyltransferase, S18 and Actin) and resulted in an eight Ct difference between the spleens of young and aged animals. These eight Ct differences were used to normalize the targeted genes. Thus, though RNA degradation is a characteristic of aged spleen RNA which is more sensitive than the young one to degradation (Frasca et al. 2005 ) it could be normalized by the use of the multiple housekeeping genes. No Ct difference was found in total RNA from livers obtained from young and old rats.
Statistical analysis
The data were analyzed using two tails T test, (with α= 0.05). The differences of the means with p≤0.05 were considered statistically significant. The data are presented as means ±SD. The nucleotide sequences used for primer design were obtained from the public database GenBank. Primers for the indicated genes were constructed using the Primer3 software, and designed so that the forward primer in each pair was complimentary to the exonexon boundary (e.g., 3-4) in order to avoid genomic DNA amplification AGE (2012) 34:693-704
Results
Ft and Ft-bound iron
Spleens from aged rats had more than twice the amount of Ft protein compared to that of young rats (Table 2 , p<0.05). We assume that the total Ft-bound iron (total FtBI) per unit of protein is an indicator for tissue "iron load". Thus, the total FtBI in old spleens is 2.8-fold higher than in the spleens of young animals. Moreover, the iron core of Ft of "old" spleens contained 5,560 atoms per molecule, 25% more iron atoms than that of the "young" spleens.
Since the Ft molecule can harbor up to 4,500 iron atoms (Harrison and Arosio 1996) the impression is that the Ft of old spleens are iron overloaded (Table 2) . In the liver, Ft (protein) increased threefold with aging (Table 2 ) and each molecule of Ft contained 3,280 iron atoms, 33% more iron atoms than the young rat's livers. As a result, total FtBI concentration in aged rat's livers was 3.60-fold that in the liver of young rats. Though, the relative increase in Ft saturation, due to aging, was the same in spleens and livers, the total FtBI in spleens of old rats was twice that of the livers. However, spleens of young rats had three times the FtBI concentration than their livers. Thus, in the rat, aging is accompanied by a considerable increase in 'iron load' in both, livers and spleens. Accumulation of Ft protein in the aerodigestive tract striated muscles was of the same tendency as that in other organs derived from the mesoderm (e.g. spleen), and the changes are even more pronounced than in the liver and spleen. However, Ft concentration in the aerodigestive tract organs of the striated muscles of the rat and its iron saturation are considerably lower than those in spleen and liver. Ft-iron saturation increased with age in the spleen and liver (Table 2) however, these changes are different in muscles. Iron saturation is unchanged in the aging tongue or reduced in sterohyoid ( Table 2 ), resembling that in the heart muscle (Bulvik et al. 2009 ). Ft concentrations increased with aging in muscle, liver and spleen tissues, which are mainly of mesoderm origin (spleen and muscle tissues) or from mixed, mesodermic and endodermic origins (liver). Ft levels decreased, or did not change with aging, in organs that are mostly derived from the endoderm (esophagus and larynx). Although Ft synthesis is mainly under translational control (Ponka et al. 1998) , in regard to aging, we questioned whether the above changes in liver and spleen are reflected in the transcription level of the Ft subunits. In the aging spleen, mRNA levels for both H and L subunits of Ft were increased 2.5-and 2.8-fold respectively (Table 3) , in accord with the increase in Ft protein levels. In contrast, in the livers of aged rats the mRNA level for the H-subunit decreased by 33% and mRNA level for the L-subunit decreased by 22% (Table 3) . However, the ratio between Ft-H and Ft-L mRNAs, in both organs, remained unchanged throughout the aging process (Table 3) . (Table 4) . This change correlated well with a concomitant decrease in the amount of MsrA (p<0.05) and a slight, non-significant decrease in MsrB (p>0.05) proteins, in the spleen. The results suggest that the observed decrease in total Msr activity, in the spleen, was due to a reduction in the levels of both isoforms of this enzyme with aging, but that of MsrA was more pronounced. The levels of Thioredoxin (Trx) and its reductase-TrxR, increased with age, probably as a compensatory response for the loss of Msr proteins. Conversely, with aging, a trend toward higher levels of mRNA encoding the MCRC proteins was found (Fig. 4) . Thus, while Msr proteins are lost during the aging process, the expression of their mRNAs increased. In contrast to the spleen, in the livers, we observed with aging a 1.5-fold increase (p<0.0001) in the total activity of Msr enzymes (Table 4) . However, the amount of Msr proteins decreased considerably with age (Fig. 3) . The levels of other proteins of the MCRC in the liver-Trx and TrxR-remained unchanged with aging. No significant age-related changes in gene expression encoding MsrA, Trx1 and TrxR1 were demonstrated; MsrB mRNA expression was slightly decreased (p<0.05, Fig. 5 ). In the liver, Msr proteins decreased with age, even more than in the spleen, but the gene transcription did not change.
These results demonstrate tissue-specific patterns of change with age, of the repertoire of defense proteins.
Discussion
Though the definition for the terms of 'old' and 'young' rats is undecided, in this paper, we defined rats just before sexual maturation as young. Female Wistar rats have a median lifespan of 900 days (Koolhaas 2010) , taken this into account the old rats we used paralleled to humans at the brink of retirement, about 65 years of age. Due to an imbalance between free-radical generation and their elimination, ROS accumulates and causes buildup of oxidative-modified proteins and a decline in cellular antioxidant defense (Harman 1981; Friguet 2006; Squier 2001) . ROS formation is closely coupled to redox-active iron availability through the Haber-Weiss reaction (Leibovitz and Siegel 1980) . Thus, redox-active iron enhances ROS-induced damage and turns ROS-mediated signals from prosurvival to cell death processes (Bandyopadhyay et al. 1999) . Therefore, the storage of cellular iron in a redox-inactive form is critical for the prevention of undesirable oxidation of cellular components, especially during aging.
We showed that the capacity of cellular iron storage and, thus, the extent of cellular defense against ironinduced free-radical damage is organ specific, and is related to the embryonic origin of the organ. Organs originating from the mesoderm are more protected than those derived from the endoderm are.
It was suggested that ROS participate in cell signaling and are involved in gene expression via redox-sensitive transcription factors (Kregel and Zhang 2007; Sen and Packer 2000) . Thus, ageassociated oxidative changes could indicate not only the deterioration of cellular defense pathways but also of cell adaptation to aging.
The level of the iron storage protein-Ft-was significantly higher in spleens, livers and in muscles of the aero-digestive tract of aged rats as compared to that in young ones. However, in tissues of endodermic origin (esophagus and larynx) Ft levels did not change or even decreased, causing in the esophagus an increase in iron level within the Ft molecule. In the spleen, Ft buildup was accompanied with an increase in both Ft-H and Ft-L gene expression, pointing to enhanced transcription of the mRNA for these proteins. However, decreased turnover cannot be ruled out since it was found previously that hemosiderin, a poorly soluble degradation product of Ft (Hoy and Jacobs 1981) , accumulates in the red and white pulps of the spleen in aged rats (Masuda et al. 1993) .
In the liver of aging rats, Ft accumulation increased and was accompanied by a decrease in Ft mRNAs levels and a marked increase in FtBI (3.60-fold). This was in spite of just a moderate increase of 33% in Ft saturation, which can be indicative of higher levels of the cellular LIP. Consequently, this higher level would have led to low levels of active IRPs in the liver, allowing for more extensive synthesis of the Ft protein (Hintze and Theil 2006) . A marked accumulation of Ft in livers of aged rats was also reported (Rikans et al. 1997 ). L-subunits of Ft are highly expressed in iron storage organs, including the liver (Levenson and Tassabehji 2004) where Ft mRNA translation is responsive to iron (Ponka et al. 1998) . Ft synthesis was significantly stimulated in the liver of rats subjected to oxidative stress generated by treatment with phorone, consequently, increased accumulation of H-and L-subunit mRNAs was reported. In addition, nuclear run-on experiments provided evidence of stimulation of Ft transcription in the liver by oxidative stress and expansion of the free iron pool (Cairo et al. 1995) .This could prove true for the aging process, as well. The increase of total FtBI in the spleen and liver of rats upon aging (Table 2) probably stems from accelerated breakdown of heme from red blood cells (Takeda et al. 1996) . Our recently published results for the aging rat hearts showed that FtBI decreased by half in aged hearts while the Ft protein, itself, doubled, attaining the same levels of total FtBI in old and young rat hearts (Bulvik et al. 2009 ).
Unlike the liver and spleen, the heart is not an 'iron storage organ'. In the heart, Ft-H is the dominant subunit. The liver and spleen are both capable of storing iron and as such, their Ft proteins are rich in L-subunits. Other organs we monitored, which are associated with the aero-digestive tract, are mainly of the mesoderm or the endoderm origin. In the gastrocnemius, Ft, transferrin, and tissue iron levels increased with age (Altun et al. 2007 ). We did not measure total tissue iron levels, as such, in the mesoderm-originating tongue and sternohyoid muscles. The greater part of non-heme iron in muscles is Ft which was elevated in the tongue and sternohyoid of the aged rats, as expected. The mean iron concentration in the Ft molecule decreased or did not change with age, because of the increased Ft level, the final FtBI in the tissue increased in the aging muscles. Likewise, previous research revealed that, though the heart is not the classical striated skeletal muscle, advanced age caused a marked increase in its total Ft as well as the mRNA for the L-Ft subunit (Bulvik et al. 2009) . The relative Ft level in the esophagus decreased with age but Ft-iron content was elevated; thus, the total tissue iron burden remained stable. With advancing age, in the larynx there are no changes in the Ft and iron levels.
Spleen and liver, which are parts of the RES, and liver being 80% parenchymal tissue, show resemblance in Ft accumulation and Ft-iron saturation. Spleen Ft seems to be saturated to its capacity and more, probably because of increased erythroid breakdown supported by age-related conditions. The esophagus and larynx are different from the heart, liver, spleen and muscle, in their 'physiological body assignment', their anatomic structure, embryonic origin, and thus show different patterns of Ft level and its iron load.
Apparently, the accumulation of Ft is in response to an expansion of the intracellular labile iron pool, Fig. 5 Liver MCRC genes expression. One-microgram quantities of liver RNA extracts from young (~2 months) and old (~24 months) rats were used for the reverse transcription procedure. Real Time-PCR was performed using primers specific for the target genes. In total, livers from four young and seven old rats were analyzed. The PCR data were normalized to the amplification of the β-actin housekeeping gene and then expressed as the relative change in livers of old rats (young rats, black bars=1). Values represent means±SD; star p<0.05 Fig. 4 Spleen MCRC genes expression. One-microgram quantities of spleen RNA extracts from young (~2 months) and old (~24 months) rats were used for the reverse transcription procedure. Real Time-PCR was performed using primers specific for the target genes. In total, spleens from four young and seven old rats were analyzed. The PCR data were normalized to the amplification of the β-actin, hypoxanthineguanine phosphoribosyltransferase and the S18 housekeeping genes and then expressed as the relative change in spleens of old rats (young rats, black bars=1). Values represent means ±SD; star p<0.05
provoked by ROS that activate multiple molecular mechanisms to reconstitute Ft content, thus limiting the pro-oxidant challenge of iron (Cairo et al. 1995) . This Ft accumulation can be viewed as an adaptive protective response of the spleen and liver against iron released from Ft or heme, by ROS that may well initiate iron-mediated oxidative damage, in an organ-dependent mode. The heart kept a constant Ft-bound-iron level with aging accompanied by increased Ft-L-subunit expression, but decreased FtBI content (Bulvik et al. 2009 ).The spleen and liver responded both to aging by an increase in Ft accumulation and Ft-iron saturation.
The role of MCRC proteins in maintaining cellular redox status is well documented; longer life spans, induced by caloric restriction were accompanied by elevated levels of MsrA and MsrB (Moskovitz 2005; Rohrbach et al. 2006) . Overexpression of human Trx resulted in increased lifespan in mice (Mitsui et al. 2002) and mice devoid of the MsrA gene (msra −/− mouse) had a shorter life span and high sensitivity toward oxidative stress (Moskovitz et al. 2001) .
Adequately functioning MCRC proteins is essential for cell viability. Due to the presence of functional -S-CH3 groups, the methionyl-containing proteins are especially sensitive to oxidative stress, thus, non enzymatic oxidation of the methionine sulfur and formation of methylsulfoxide (-CH2-SO-CH3) can lead to reduction or elimination of biological activity (Brot and Weissbach 1991) .
Comparing spleens from aged and young rats showed that in the aged rats, protein levels of both MsrA and MsrB, the major components of the MCRC complex, were significantly decreased, and consequently, Msr enzymatic activity was significantly lowered. The elevated levels of mRNAs of the Msr isozymes, in particular of MsrA, in the aged spleens did not correlate with the protein levels and activities (Fig. 4) , indicating an enhanced need for maintaining higher levels of MCRC activities. Decreased level of MCRC with increased expression of the MsrA gene, could point toward rapid catabolism, by oxidation and proteolysis of these proteins in the aged spleen. In addition, the assumption that there is a metabolic need for increased MCRC activities is supported by the increased Trx and TrxR transcription and expression (Figs. 4 and 2 ) assuring ample supply of substrate for methionine sulfoxide reductase (Fig. 1) .
In the liver, Msr isozymes levels (A and B) decreased with age, however, Msr activity increased, in the spleen. In this study, the Trx protein level in the spleen of old rats was twice that of young rats, thus, emphasizing the importance of the MCRC system in the repair of age-related methionine oxidation. Upregulation of Trx can induce cell proliferation (Gallegos et al. 1996) and inhibit apoptosis (Chen et al. 2002) .
Aging in rats was found to be associated with a reduction in the number of cells in the spleen (Cheung and Nadakavukaren 1983 ) which makes it difficult to hypothesize on the mechanisms involved in the increase in Trx observed in our study.
In previous research, decreased Msr activity was found in hearts and tissues of the aero-digestive track of aging rats (Bulvik et al. 2009; Vinokur et al. 2009 ). In this study too, we found that the MsrA protein decreased in spleen and in the liver by aging, but the amount of other ROS related enzymes-MsrB, Trx and TrxR-either decreased marginally, or increased (in the spleen), or did not change at all.
The significantly increased expression of genes encoding for MsrA, Trx and TrxR in the spleen of aged rats indicates, on the one hand, a higher de novo synthesis of the MCRC proteins but on the other, probably also increased turnover as reflected by the low level of tissue proteins. A possible mechanism is that ROS induced the activation of gene transcription (Sen and Packer 1996) , and the excess of ROS might result from impaired antioxidant activity of MCRC in the aged spleen. The liver seems to be more resistant to aging and changes are less pronounced in old rats.
Correspondingly, the increase in Ft-H and Ft-L mRNAs in the spleen, with aging, reflects excessive level of iron and/or ROS in this organ.
In general, the organ-specific alterations with aging can be seen as an adaptation to old age. Thus, oxidation of critical Methionine residues within selected proteins may serve to down-regulate energy metabolism and the generation of ROS, and may be regarded as an adaptive response to age-related oxidative stress (Squier 2001 ).
In conclusion, aged rat livers and spleens express increased levels of Ft protein as well as Ft-H and Ft-L mRNAs. This Ft buildup correlates with a marked increase in the amounts of iron that accumulate in these two organs with age. Various elements of MCRC manifest different trends upon aging. The age-related changes are more prominent in the spleen than in the liver suggesting the latter is more resistant to oxidative damage, including during aging.
